Abstract MicroRNAs (miRNAs) are critical posttranscriptional regulators of gene expression that control osteoblast mediated bone formation and osteoclast-related bone remodeling. Deregulation of miRNA mediated mechanisms is emerging as an important pathological factor in bone degeneration (eg, osteoporosis) and other bone-related diseases. MiRNAs are intriguing regulatory molecules that are networked with cell signaling pathways and intricate transcriptional programs through ingenuous circuits with remarkably simple logic. This overview examines key principles by which miRNAs control differentiation of osteoblasts as they evolve from mesenchymal stromal cells during osteogenesis, or of osteoclasts as they originate from monocytic precursors in the hematopoietic lineage during osteoclastogenesis. Of particular note are miRNAs that are temporally upregulated during osteoblastogenesis (eg, miR-218) or osteoclastogenesis (eg, miR-148a). Each miRNA stimulates differentiation by suppressing inhibitory signaling pathways ('double-negative' regulation). The excitement surrounding miRNAs in bone biology stems from the prominent effects that individual miRNAs can have on biological transitions during differentiation of skeletal cells and correlations of miRNA dysfunction with bone diseases. MiRNAs have significant clinical potential which is reflected by their versatility as disease-specific biomarkers and their promise as therapeutic agents to ameliorate or reverse bone tissue degeneration.
Introduction
MicroRNAs (miRNAs) have important regulatory roles in bone cell growth, differentiation, and function. These short non-coding RNAs are produced from larger precursors upon cleavage by the RNA processing enzyme Dicer and have emerged as critical post-transcriptional regulators of gene expression. They function by binding to specific microRNA (miRNA) recognition sequences ('seed sequences') located in the 3′ untranslated regions (3′ UTRs) of target mRNAs. By this mechanism, miRNAs can suppress expression of target proteins by enhancing mRNA degradation and/or by directly interfering with protein translation. Evidence from an ever increasing number of studies indicates that the biological regulatory potential of miRNAs is functionally comparable with that of transcription factors binding to 5′ regulatory regions of genomic loci.
A large number of papers (>20,000) has been published on miRNAs since their initial discovery about twenty years ago by the research groups of Ambros and Ruvkun; reviewed in [1] . A respectable subset of these (>600) has focused on the roles of miRNAs in bone and cartilage tissues. Several excellent reviews have covered different aspects of miRNA functions in skeletal development and disease [2••, 3-6, 7 •], including their regulatory roles in the growth, differentiation, and function of both osteoblasts and osteoclasts, as well as chondrocytes and other mesenchymal cell types (eg, adipocytes and myoblasts). This review will highlight key approaches that have been informative for our understanding of the biological, cellular, and molecular roles of miRNAs in relation to normal bone homeostasis or osteoporosis. In particular, we discuss recent papers suggesting that deregulation of miRNA networks (eg, due to polymorphisms that alter miRNA target sites or mutations that delete miRNA coding sequences) can predispose to bone diseases.
MicroRNAs Control Both Osteoblastogenesis and Osteoclastogenesis
Bone metabolism reflects a delicate balance in anabolic activities of osteoblasts and the catabolic actions of osteoclasts. MiRNAs contribute to the formation and activities of both of these cell types as evidenced by loss-of-function analyses of Dicer, an enzyme essential for miRNA maturation. A general null mutation of Dicer results in embryonic lethality and specifically prevents formation of a normal vertebrate body plan at gastrulation [8] . Subsequently, conditional Dicer null alleles were developed that permit Dicer gene inactivation by removal of an essential segment of the Dicer enzyme (ie, Type III ribonuclease) [9, 10] . In these conditional null alleles, cell type specific expression of the cyclization recombinase (Cre; originally isolated from Enterobacteria phage P1) results in the removal of targeted gene segments via flanking LoxP recombination sequences. Different conditional Dicer null alleles have been used to prevent miRNA maturation in different bone cell compartments [11••, 12-14•] .
General Functions of MicroRNAs in Osteoblasts
The importance of mature miRNA expression in osteoblasts was established by selective ablation of the conditional Dicer allele in osteoblasts using a transgene that expresses Cre under control of two distinct osteoblast-related promoters [11••] . Cre was expressed from the promoter of either the rat collagen type 1 (COL1A1) gene, which is expressed during early stages of osteoblast phenotype commitment, or the human bone gamma-carboxyglutamic acid-containing protein/osteocalcin (BGLAP/OC) gene, which is uniquely expressed in post-proliferative osteoblasts. Dicer gene deletion in mesenchymal cells using the COL1A1 promoter (ie, a specific 2.3 kbp fragment from the 5′ region of the COL1A1 gene that is active in fetal osteogenic mesenchymal cells), caused lethality during late gestation (after E14.5), thereby precluding a definitive assessment of the direct role of Dicer during osteoblastogenesis during later developmental stages. More informative results were obtained with mice in which Dicer was excised in mature osteoblasts expressing the BGLAP promoter. These mice are viable and show delayed bone mineralization at birth. However, this delay is no longer detectable in one-month old mice, and a prominent increase in cortical bone is evident in two-month old mice. The observed prominent increase in cortical bone volume is not due to reduced bone resorption. Rather, it appears to be intrinsic to mature osteoblasts and linked to increased synthesis and/or deposition of collagens in the extracellular matrix [11••] . Hence, production of mature miRNAs by Dicer is necessary for normal pre-natal skeletal development and control of post-natal bone growth.
Studies by Raaijmakers and others examined the role of miRNAs in mice in which the conditional Dicer allele was eliminated by Cre excision under control of the promoter of the gene for the osteoblast-related transcription factor Osterix(OSX)/SP7 [12] . In these studies, Dicer was deleted in immature progenitor cells that are pre-committed to the osteoblastic lineage (ie, from a developmental perspective, SP7/Cre is active after COL1A1/Cre but before BGLAP/Cre). As expected, loss of Dicer at this intermediate developmental stage compromises osteogenic lineage progression and osteoblast maturation, as well as generates alterations in the structure of the mineralized bone matrix. However, these studies also revealed that Dicer deficiency in mice affects the formation of the hematopoietic stem cell niche in bone, thus, confounding further characterization of the skeletal phenotype [12] .
General Functions of MicroRNAs in Osteoclasts
The essential role of miRNAs in osteoclasts was established by genetic ablation of Dicer in the macrophage/osteoclast lineage [13••, 14•] . One study expressed Cre under control of the CD11b promoter, which eliminates Dicer in mononucleated progenitor cells early during osteoclast differentiation [13••] . These mice exhibit mild osteopetrosis that is due to a lower number of osteoclasts and reduced bone resorption. It is not clear whether the mildness of the phenotype is technical in nature (eg, CD11b may not be optimally expressed in osteoclast precursors), but loss of Dicer in this mouse model nonetheless reduces bone turnover. Mechanistically, osteoclast differentiation is mediated by receptor activator for NFkappaB ligand (RANKL) and macrophage colony stimulating factor (M-CSF). The reduction in osteoclast number upon Dicer deletion is linked to decreased expression of the receptor for M-CSF (M-CSFR; gene symbol: CSF1R). In the studies by Noda and colleagues, Dicer was deleted in mature osteoclasts by expressing Cre under control of the cathepsin K (CTSK) promoter [14•] . Similar to the studies by the Hruska group, loss of mature miRNAs in osteoclasts increases bone mass due to a reduction in the number of mature multi-nucleated osteoclasts and diminished bone resorption. The results from both studies clearly indicate that Dicer-dependent maturation of miRNAs is necessary for normal control of bone resorption.
Biological Roles of MicroRNAs in Controlling Lineage-Commitment and Progression
To understand the biological roles of specific miRNAs in osteogenesis and skeletal remodeling, investigators have pursued two main approaches. The majority of published miRNA projects use a classical molecular 'bottom-up' approach, which examines temporal expression of known miRNAs -a list that continues to expand each year as more high-throughput RNA sequencing data become available. Temporal modulations (ie, up or downregulation) in miRNA expression are then correlated with different mesenchymal cell fates or stages of cellular differentiation in each of the skeletal lineages. These studies have been performed in many different biological contexts relevant to bone, including during early lineage-commitment in mesenchymal stromal cells (also referred to as 'mesenchymal stem cells' or MSCs) from different sources (eg, bone marrow, adipose-tissue) and during differentiation of committed osteoblasts or osteoclasts. Comprehensive reviews of earlier studies have been presented elsewhere [2••, 3-6, 7 •] and here we present recent advances that exemplify general principles. It is of note that most of these expression profiling studies were carried out in just two main species used for skeletal research (ie, mouse and human). There is still a remarkable paucity of data on miRNA expression in other animal models (eg, rat, sheep, pig) that would be useful for pre-translational studies in skeletal tissue repair or mechanotransduction. One main conclusion that can be drawn from the collective body of miRNA expression profiling studies using skeletal cells is that long-term changes in the biological states of mesenchymal cells invariably correspond with major alterations in miRNA expression programs.
MicroRNA Regulation of Mesenchymal Cell Fate Determination
Initial expression analyses of a panel of representative microRNAs identified three microRNAs (miR-96, miR-124, and miR-199a) that are differentially expressed during mesenchymal lineage-commitment in mouse marrow stromal cells (MSCs) [15, 16] . Selective upregulation of each of these miRNAs was evident during osteogenesis (miR-96 and miR199b), chondrogenesis (miR-199b), and/or adipogenesis (miR-96 and miR-124). MicroRNAs that are modulated can be examined for putative mRNA targets using wellestablished algorithms that predict the presence of miRNA binding sites in 3′UTRs based on a number of biochemical parameters, including sequence complementarity with miRNA seed sequences, conservation of seed sequences among vertebrate species, and kinetic parameters related to the strength of RNA/RNA hybridization. Suomi and colleagues predicted [15] and subsequently validated [16] the concept that lineage-specific miRNAs enhance directed differentiation of multipotent cells into one phenotype by blocking alternative mesenchymal cell fates (eg, enhancing osteogenic while blocking adipogenic and myogenic differentiation). A related study using human MSCs established that miR-138 is downregulated during osteogenesis [17••] . These studies showed that miR-138 blocks osteogenesis by repressing focal adhesion kinase, thus, affecting signaling via integrins and the ERK pathway [17••] . Thus, downregulation of miR-138 serves to enable integrin/FAK/ERK signaling and this link may predict a role in mechanotransduction. Taken together, these studies illustrate the general principle that the biological activity of miRNAs in cell fate determination is based in part on their ability to regulate the expression of cell signaling components, lineage-related transcription factors, and phenotype-specific proteins during the initial stages of phenotype commitment in mesenchymal stem cells.
MicroRNA Regulation of Osteoblastogenesis
A series of related expression profiling studies established the importance of specific miRNAs in controlling differentiation of bone-anabolic osteoblasts. For example, Li and colleagues established microRNA expression programs during osteoblastic differentiation in two different cell culture models [18, 19] . Subsequent studies by Hassan and coworkers refined emerging mechanistic concepts for miRNA control of osteoblast differentiation [20, 21•] . One key finding is that the osteogenic morphogen BMP2 controls the switch between bone and muscle differentiation by controlling miRNA expression [18] . BMP2 achieves this primarily by suppressing miRNAs that would otherwise inhibit the osteogenic program, while to a lesser degree blocking the myogenic program. For example, BMP2 induced osteogenic differentiation of mouse C2C12 mesenchymal cells decreases expression of a set of anti-osteogenic miRNAs during the initial stages of trans-differentiation (ie, miR-133 and miR-135). These two miRNAs collectively suppress the transcriptional activity of Runt-related transcription factor 2 (RUNX2) and its BMP2 responsive co-factor SMAD5. This BMP2 mediated 'double-negative' regulation (ie, inhibition of osteogenic inhibitors) permits the initiation and sustained propagation of a BMP2/RUNX2/SMAD regulatory axis that induces osteoblast differentiation [18] .
MicroRNA profiling was also performed with precommitted mouse MC3T3 osteoblasts at successive stages of osteoblast differentiation [19] . These experiments identified a set of microRNAs (miR-29, miR-let-7, and miR-26) that regulate the synthesis of extracellular matrix (ECM) proteins in osteoblasts. For example, miR-29b suppresses production of collagens type I, IV, and V (respectively, COL1A1, COL4A2, and COL5A3) to attenuate extracellular matrix biosynthesis and mineralization. Perhaps more interestingly, this study also suggested that miR-29b may support osteoblast maturation potentially by controlling the TGFβ pathway (eg, relieving the inhibitory effects of TGβ3 and ACVR2A), Wnt signaling (eg, suppression the inhibitory β-catenin interacting protein CTNNBIP1), MAPK signaling (eg, suppressing the inhibitory action of the dual specificity protease DUSP2), and/or epigenetic mechanisms (eg, downregulation of the transcriptionally repressive histone/lysine deacetylase HDAC4) [19] . These studies also revealed that osteoblast differentiation is promoted via transcriptional suppression of the miR cluster 23a~27a~24-2 by RUNX2 [20] . Each of these miRs inhibits SATB2, which supports bone formation together with RUNX2 and other bone-related transcription factors. Another discovery emerging from these miRNA profiling studies with osteoblasts is that microRNAs (miR-218) can promote osteoblast differentiation by enhancing Wnt signaling [21••] . The osteoinductive properties of miR-218 are based on its ability to decrease the production of three different Wnt inhibitors: Sclerostin (SOST), Dickkopf2 (DKK2), and secreted frizzled-related protein2 (SFRP2). In each case, miR-218 acts through its cognate binding sites in the respective 3′ UTRs, and the loss of these inhibitors primes cells for the osteoblast-promoting effects of Wnt signaling [21••] .
Taken together, the general theme that emerged from these studies is that microRNAs do not just attenuate pathways, but can actively promote differentiation by 'double-negative' regulation (Fig. 1a) . Down-regulation of miRNAs in the osteogenic lineage may directly relieve inhibition of osteogenic regulatory pathways. In contrast, the biological purpose of upregulating osteogenic miRNAs is to eliminate anti-osteogenic pathways. Collectively, the reciprocal modulation of miRNAs with distinct molecular functions generates the requisite specificity for osteogenic lineage progression from immature osteoprogenitors towards mature osteoblasts.
MicroRNA Regulation of Osteoclastogenesis
The best studied miRNAs that are involved in differentiation of osteoclasts are miR-21, miR-155, and miR-223 [12, 13••, 22-24••]. Elevated expression of miR-223 in mouse RAW264.7 osteoclast precursor cells blocks maturation into tartrate-resistant acid phosphatase (TRAP)-positive multinucleated osteoclast [13••] . Notwithstanding this inhibitory activity, miR-223 can stimulate normal osteoclastogenesis through a transcriptional relay mechanism that promotes expression of the CSFR1/M-CSFR receptor [22] . Essentially, the Ets-related transcription factor PU.1 (purine-rich binding protein 1; gene symbol: SPI1) stimulates miRNA-223 expression, while miRNA-223 suppresses the levels of the transcriptional repressor Nuclear Factor IA (NFI-A). The loss of this repressor permits transcriptional activation of the M-CSFR gene [22] . Consistent with the proposed pro-osteoclastogenic role of miR-223, this miRNA is upregulated during induction of differentiation in RAW264.7 cells [25] . The paradoxical results of miR-223 being both supportive and inhibitory for osteoclastogenesis is reminiscent of the opposing results for miR-218 which enhances osteoblastogenesis while attenuating the bone-specific activity of RUNX2 (see below). In both cases, negative feedback circuits may be triggered to prevent precocious differentiation or to avoid hypercatalytic differentiation of bone cells, which in each case would perturb normal bone deposition and remodeling.
Subsequent miRNA expression studies indicated that osteoclastogenesis is enhanced by a positive feedback loop involving transcription factor AP1 (through effects on the cellular homolog of the FBJ murine osteosarcoma viral oncogene, c-Fos), miR-21, and programmed cell death 4 (PDCD4) protein [23] . In this 'double negative' circuit, RANKL induces miR-21 which downregulates PDCD4 protein levels (Fig. 1b) . Diminished PDCD4 expression in turn removes repression from c-Fos, thus, allowing for execution of the osteoclastogenic program (Fig. 1b) . The perpetuation of the initial RANKL signal is subsequently ensured by cFos dependent activation of miR-21 which then is predicted to minimize PDCD4 levels [23] . MicroRNA expression profiling studies show indeed that miR-21 is highly expressed during osteoclast differentiation [25] , suggesting it is a pro-osteoclastogenic miRNA.
The induction of miR-21 during osteoclastogenesis is antagonized by estrogen [24••] , which is an osteoprotective steroid hormone that attenuates bone-resorption. Estrogen normally reduces miR-21 expression in osteoclasts and this reduction depresses the expression of the miR-21 target Fasligand (FasL; gene symbol: FASLG). This autocrine production of FasL provokes osteoclastic apoptosis through its cognate Fas/CD95 receptor [24• •] thus reducing osteoclast activity. This finding suggests that miR-21 may play a role in reducing bone resorption in pre-menopausal women with robust estrogen levels.
Additional studies by Noda and co-workers focused on miR-155 [14•], which is responsive to the osteoclastogenic factors RANKL and TNFalpha [13••, 25] . Like miR-21 (see above), miR-155 is induced by c-Fos in response to the antiosteoclastogenic factor IFN-β [26] . The induction of miR-155 by IFN-β suppresses the signaling inhibitor SOCS1 and transcription factor MITF, which are both positive regulators of osteoclast differentiation [26] . Hence, miR-155 is a component of a negative feedback circuit that includes c-Fos and MITF. Additional feedback regulatory mechanisms involving c-Fos are linked to the decline of miR-29b during human osteoclast differentiation [27] . Forced elevation of miR-29b impairs formation of TRAP positive cells and alters osteoclast specific transcriptional programs linked to both c-Fos and NFATC1 [27] .
Apart from changes in miRNA expression of miR-21, miR-155, and miR-223, osteoclasts express miR-29b, miR34c, and miR-378, as well as miR-146a, and miR-210. It is of note that at least two of these miRNAs expressed in osteoclasts (ie, miR-29b, miR34a/miR34c), attenuate osteoblast differentiation and/or regulate RUNX2 protein expression in osteoblasts (see below). Because the osteoblast specific factor RUNX2 is not expressed in immature or differentiated osteoclasts [28] , this finding may simply reflect a fortuitous similarity. Nonetheless, several reports . Therefore, miRNAs in osteoclasts could be transferred to osteoblast through microvesicles and function as coupling factors to attenuate osteoblast differentiation and activity.
Other miRNAs expressed in osteoclasts have been characterized in different biological contexts. For comparison, miR-146a is expressed in chondrocytes [31] , while miR-210 is a major regulator of the hypoxia-response [32] . The specific roles for either miR-146a or miR-210 in osteoclasts remain to be explored. The utilization of similar miRNAs in bone producing and bone resorbing cells reflects their versatility in regulating molecular pathways in different biological contexts.
The stimulatory role of miR-148a in osteoclastogenesis was recently revealed in studies using circulating CD14+ peripheral blood mononuclear cells (PBMCs) [33••] . Expression of miR148a is normally enhanced upon induction of osteoclastogenesis with M-CSF and RANKL. However, precocious expression of miR-148a in osteoclast precursor cells stimulates differentiation. One molecular pathway by which miR148a controls the phenotypic conversion of mononuclear cells into osteoclasts is through direct effects on the 3′UTR for a key repressive transcription factor, V-maf musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB). MAFB normally prevents induction of osteoclast differentiation in response to RANKL-induced osteoclastogenesis [33••] . Hence, analogous to the pro-osteogenic miR-218 in osteoblasts [21••] , the pro-osteoclastic miR-148a positively controls osteoclast lineage progression through a 'doublenegative' mechanism.
MicroRNA Control of Skeletal Master Regulators
Apart from expression profiling studies ('bottom-up' approach), recent studies have effectively used bioinformatic methods to focus on miRNAs that control the activities of master transcription factors ('top-down' approach). Master transcription factors of bone tissue (eg, RUNX2, SP7/Osterix) are defined as such because genetic mutations cause major skeletal phenotypes and these factors have cell autonomous effects on differentiation in vitro. Several bonerelated transcription factors are translated from mRNAs with remarkably long 3′UTRs. For example, the protein coding sequence for the osteogenic transcription factor RUNX2 is only~1500 nucleotides, but its 3′UTR is twice as long (~3000 nucleotides).
Studies by Zhang and colleagues established that the 3′ UTR of RUNX2 contains seed sequences for at least 11 different miRNAs (ie, miR-23a, miR-30c, miR-34c, miR133a, miR-135a, miR-137, miR-204, miR-205, miR-217, miR-218, and miR-338) [31] . All of these miRNAs control osteoblast differentiation [34•] and are expressed to different degrees in both osteogenic and non-osteogenic cells. Interestingly, several of these microRNAs (ie, miR-23a, miR-133a, miR-135a, and miR-218) were independently identified in parallel studies within the same research group using different experimental approaches [18-21••] , reflecting the strength of concurrently identifying critical microRNAs using both 'bottom-up' and 'top-down' approaches.
The functional role of miR-218 is somewhat paradoxical, because this microRNA suppresses the expression of RUNX2 [31] , yet stimulates osteoblastogenesis [21••] . Under short-term basal conditions, elevation of miR-218 can block the 3′UTR of RUNX2 (as is evident in luciferase-3′ UTR assays) [31] . Upon sustained induction of differentiation for more than a week, miR-218 is a potent stimulator of osteoblastogenesis [21••, 34•] . One mechanistic model that clarifies these findings poses that miR-218 primarily promotes differentiation by enhancing Wnt signaling as part of a positive feed-forward loop, while attenuating RUNX2 activity as part of a negative feed-back loop to control osteoblast differentiation. The findings with miR-218 exemplify the principle that miRNAs can form intersecting loops to provide both positive and negative cross-talk between different regulatory pathways.
Seven of the eleven miRNAs (ie, miR-23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-205, and miR-217) that are known to target the osteogenic factor RUNX2, also regulate the chondrogenic GATA transcription factor trichorhino-phalangeal syndrome I (TRPS1) [35••] . Of this group of miRNAs, miR23a, and miR34a not only target RUNX2 and TRPS1 [35••] , but also a third transcription factor referred to as scaffold-associated AT-binding protein SATB2 [20] . Interestingly, TRPS1 and SATB2 both are upstream regulators of RUNX2 [discussed in 20, 35••, 36••] and the three transcription factors together may be interlocked in a microRNA-transcription factor circuit that controls a putative osteochondro-progenitor stage.
Each of the seven RUNX2/TRPS1 targeting miRNAs effectively blocks lineage progression in both pre-committed osteoblasts and pre-committed chondrocytes. More interestingly, when administered to multi-potent mesenchymal progenitor cells, each of these miRNAs diverted mesenchymal progenitor cells into an adipogenic cell fate. Furthermore, the quantitative effects of each miRNA on the expression of distinct mesenchymal markers were different and complementary to some degree [35••] . These studies together provide a robust experimental demonstration of the concept that groups of related miRNAs may function together in regulating shared biological programs in skeletal cells.
The finding that RUNX2 is controlled by multiple miRNAs is corroborated by several other studies. For example, Chen and colleagues have shown that miR-204 regulates RUNX2 protein levels in mesenchymal progenitor cells [37] . In addition, complementary studies show that the BMP2/SMAD/RUNX2 axis is not only controlled by miR133 and miR135 [18, 34•] , but also linked to regulatory circuits involving miR-3960/miR-2861 [38] and miR20a [39] during osteoblast differentiation. Furthermore, other recent studies indicate that Osterix/SP7 expression is controlled by miR-93 [40] and miR-637 [41] , while the protein levels of another osteogenic factor, ATF4, are attenuated by the anti-osteoblastic activity of miR-214 [42] . Taken together, there is a multiplicity of miRNAs that suppress the expression of distinct osteogenic master transcription factors.
MiRNAs have dramatic effects on the cell survival and/or differentiation, yet typically have only minor effects on their target proteins (eg, master transcription factors) in laboratory experiments. MiRNAs have quantitatively modest effects (less than two-fold) in molecular assays that are used to determine their function as post-transcriptional regulators (eg, Luciferase-3′UTR reporter assays). Changes in mRNA levels as analyzed by real-time reverse-transcriptase quantitative PCR require that the miRNA destabilizes the mRNA, which is not always the case. Determination of protein levels in response to miRNA administration is robust but protein immuno-blotting is not quantitative. Furthermore, the results of these molecular assays may not necessarily match up with each other due to a number of valid technical differences. Without improvements in the sensitivity and robustness of experimental read-outs in molecular assays that monitor miRNA effects, future studies may need to rely more on biological outcomes. The latter integrates the combined effects of miRNAs on multiple pathways and can have dramatic 'fold-change effects' in the biological phenotype of cells, rather than the modest 'percentage effects' observed for single proteins or signaling events.
MiRNA Dysfunction in Osteoporosis
Because miRNAs play important biological roles in the normal development and function of osteoblasts and osteoclasts, many studies have explored the pathological role of miRNAs in bone degeneration by examining their inhibitory effects on osteoblastogenesis or excessive stimulation of osteoclastogenesis [2••] . As of yet, there are few completed studies that link bone diseases to defects in miRNA related mechanisms. The studies detailed below indicate that dysfunction of miRNA dependent mechanism can occur by various means and contribute to development of osteoporosis. From a therapeutic perspective, in vivo approaches that promote the activities of pro-osteoblastic miRNAs (eg, miR-218 targeting Wnt inhibitors) [21••] or inhibit pro-osteoclastic miRNAs (eg, preventing miR-148a from blocking MAFB) [33••] are attractive and experimentally realistic in, respectively, stimulating bone formation or mitigating excessive bone resorption.
MiRNA Mutations Causing Osteoporosis
Deregulation of miRNA expression can affect both bone formation and bone resorption. One clinically relevant study revealed that a homozygous mutation in the genomic locus coding for miR-2861 causes a rare form of familial osteoporosis in two adolescent patients [43] . In cell culture models, expression of miR-2861 is induced by BMP2 in mouse osteoblasts. This enhancement of miR-2861 inhibits the epigenetic regulator histone deacetylase 5 (HDAC5). This enzyme, which removes acetyl groups from lysine residues in histones and other regulatory proteins (eg, RUNX2), is inhibitory for osteoblast differentiation. Loss of miR-2816 expression that was apparent in bone biopsies correlates with elevated HDAC5 levels and decreased RUNX2 levels. Hence, dysfunction of miRNAs can disrupt skeletal remodeling during post-natal growth and contribute to osteoporosis by diminishing the bone anabolic functions of osteoblasts.
MiRNA Binding Site Polymorphisms Associated With Osteoporosis
Genetic polymorphisms naturally occur in predicted miRNA targeting sites (poly-miRTs or poly-miRTSs) within the 3′UTRs of target mRNAs. Variation in femoral neck bone mineral density in a large group of subjects (~3000) is statistically associated with natural genetic variation in three poly-miRTs (rs6854081, rs1048201, and rs7683093) [44•] . These polymiRTs contain seed sequences for miR-146a and miR-146b in the 3′UTR of the fibroblast growth factor 2 (FGF2) mRNA. Polymorphism-related changes in the expression of FGF2, which is a major mitogen for osteogenic cells and promotes osteoblast differentiation through MAPK signaling [45, 46] , correlate with differences in bone mineral density [44•] . Thus, miRNA related gene polymorphism in bone-related genes may predispose to osteoporosis susceptibility by affecting the activity of osteoblasts and perhaps also osteoclasts. Transgenic mice in which miR-34c was selectively expressed in osteoblasts had defects in osteoblast proliferation and mineralization that reflect osteoporotic changes observed in aging mice [47•] . Effects of transgenically expressed miR-34c on osteoblast proliferation are not surprising given the important cell growth suppressive role of the miR-34 target RUNX2 [34•, 48, 49] , the general effect of miR-34c that is linked to the tumor suppressor p53 [50] and prior mouse studies showing a role for miR-34 in skeletogenesis [36••] . The study by Bae et al. [47•] , also examined the intriguing connection with Notch signaling in osteoblasts. MiR-34c directly regulates Notch1, Notch2, and Jag1 in osteoblasts to control differentiation of osteoclasts, presumably through cell/cell contact [47•] . Thus, this study provides experimental evidence for miRNA-related deregulation of osteoblast/osteoclast communication that is linked to osteoporosis in a transgenic rodent model.
MiRNAs as Circulatory Biomarkers for Osteoporosis
MiRNAs can be secreted in extracellular vesicles (microvesicles or exosomes) and can be monitored as biomarkers for a multitude of disease states [51, 52] . Many studies (>200) have explored the presence of circulatory miRNAs in patient serum for different clinical conditions. Recent studies examined osteoclastrelated miRNA markers in human peripheral blood mononuclear cells [33••, 53 ••], which represent a circulatory reservoir of osteoclast precursors. One of these studies showed that expression of miR-148a in CD14-positive circulating monocytes is elevated in lupus patients and correlates with low bone mineral density, consistent with results from molecular studies on the pro-osteoclastic effects of miR-148a [33••] . Examination of a panel of miRNAs in circulating monocytes from a small patient cohort suggests that miR-133a is associated with lower bone mineral density [53••] . Further investigations on miRNAs present in human monocytes may yield additional miRNAa that correlate with differences in bone mineral density that could be used as molecular markers for osteoporosis.
Conclusions
MiRNAs have emerged as key regulators of bone formation, remodeling, and degeneration. Despite their fundamental importance and clinical promise, there is a paucity of mouse models to establish the in vivo roles played by miRNAs in skeletal development in animal models. In addition, there are no published studies examining miRNA functions in mature osteocytes or in response to mechanotransduction, which is critical for normal bone adaptation. Furthermore, studies on intercellular communication via extracellular vesicles and miRNA transfer are essential to understand the complex and versatile regulation of osteoblasts and osteoclast differentiation by miRNA. Despite these shortcomings, a great deal of progress has been made and there is clearly reason for optimism that this knowledge can be applied to clinical problems.
MiRNAs are integral components -and indeed key regulatory nodes -of molecular networks that respond to a multitude of developmental signaling pathways (eg, BMP/TGFβ, WNT, Notch, FGF2). Many miRNAs control the activities of principal transcription factors that control bone development and remodeling, and many examples of transcription factors controlling miRNAs (either as independent transcription units or embedded in host genes) will continue to emerge. While there are undoubtedly exceptions to this simple rule, the default logic of miRNAs is to suppress the expression of target genes. Hence, miRNA-mediated stimulation of most biological processes proceeds by suppressing the activity of inhibitory factors. A number of such examples of 'double negative' regulation have been identified and a subset has been discussed in this overview. Bioinformatics and systems biology approaches will be necessary to establish the full complement of regulatory possibilities related to miRNA/mRNA interactions. The intercalation of in silico predictions with rapidly emerging miRNA, mRNA, and protein expression data during skeletal development and in clinically samples (based on high-throughput RNA sequencing and proteomics approaches) will ultimately guide translational studies that transform fundamental knowledge into clinical practice.
The current experimental body of work demonstrates that miRNAs are critical post-transcriptional regulators of gene expression that control osteoblast-dependent bone formation and osteoclast-related bone remodeling. The studies discussed here indicate that deregulation of miRNA mediated mechanisms is pathologically linked to bone degeneration (eg, osteoporosis) and other bone-related diseases. Biological, cellular, and molecular principles have been established to account for how miRNAs control differentiation of osteoblasts from mesenchymal stem cells and differentiation of osteoclasts from monocytic/hematopoietic precursors. The clinical relevance of miRNAs is evident from the dramatic effects that individual miRNAs can have in driving differentiation of osteoblasts or osteoclasts. Clinical applications of this knowledge include their potential use as biomarkers that are linked to bone mineral density and as RNA-based drugs that can be leveraged to prevent bone tissue degeneration.
